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The effects of host-guest intermolecular forces are often difficult to determine or deconvolute in solution, since the time-average of such interactions is generally observed. However, solid state structural analysis offers an opportunity to observe them in a static environment. Such studies have been instrumental in the identification and characterization of phenomena such cation-π interactions or interactions between anions and electron-deficient aromatic rings in synthetic host molecules. While molecular modeling is often used to probe the basic structural properties of self-assembled systems, direct crystallographic analysis can often provide information about the size, shape, chirality, or geometric deformations in the system which would otherwise be unobtainable.
Background of the M 4 L 6 assembly
Based on rational design methods, Raymond and coworkers have explored the chemistry of 19, 20 and will be the focus of this structural study. The M 4 L 6 assembly is a discrete, selfassembling tetrahedron in which the four metal ions define the vertices of the structure which are bridged by the six bis-bidentate ligands. The tris-bidentate coordination of the catechol amide moieties at the metal vertices makes each vertex a stereocenter and the rigid ligands transfer the chirality of one metal vertex to the others, thereby forming the homochiral ΔΔΔΔ or ΛΛΛΛ configurations. 21, 22 While the 12-overall charge imparts water solubility for assemblies constructed from trivalent metal vertices, the interior cavity is defined by the naphthalene walls, thereby providing a hydrophobic environment that is isolated from the bulk aqueous solution. Although initial studies of the host-guest properties mainly provided information about the scope of guest encapsulation, the chemistry of the assembly has been expanded to include mechanistic studies of guest exchange, 23, 24 mediation of reactivity, 25, 26 and use as a catalyst. suggesting that these cations are able to not only bind to the interior of 1, but also to interact strongly with its exterior. In probing the ability of cations to ion-associate to the exterior of 1, we have previously used Pulsed Gradient Spin Echo (PGSE) 1 , small aldehydes are readily activated whereas larger aldehydes such as benzaldehyde are too large to enter the assembly with the iridium compound already encapsulated. 25 Similarly, in the rhodium-catalyzed isomerization of allylic alcohols occurring inside of the Ga 4 L 6 assembly, size selectivity is extreme with only the two smallest substrates capable of entering the assembly to undergo the reaction. 26 The same types of size selectivities have been observed when using the assembly as a catalyst for the hydrolysis of acid-sensitive substrates. 12, 28 In the hydrolysis of orthoformates, only substrates smaller than tri-n-pentyl orthoformate are able to enter the assembly to undergo hydrolysis. Similarly, for the hydrolysis of acetals, small acetals are readily hydrolyzed inside of the assembly whereas larger acetals are not. These data suggest an upper size limit to guests permitted entry into the interior cavity of the assembly, a limit that could be lower than the full volume of the cavity itself (vide infra).
In addition to the size of the assembly, the shape of the interior cavity has been important in previous host-guest chemistry. Although the chirality of the assembly is generated at each of the metal vertices, it can be transferred to the encapsulated guests and has been used for diastereoselective encapsulation of substrates such as ruthenium half-sandwich complexes 31 and the diastereoselective reactivity of encapsulated iridium complexes. 25 For both of these cases, the diastereoselectivities shapes and volumes, as well as the effect of charge on the cluster properties, from the molecular structure data, we hoped to learn more about the origin of this selectivity.
Results and discussion
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Despite the breadth of chemistry reported for M 4 L 6 assemblies, only two molecular structures have been reported to date due to the difficulty of growing crystals suitable for X-ray diffraction studies.
The first X-ray structure of the M 4 L 6 assembly was that determined for the complex K 5 (NEt 4 ) 6 [NEt 4 ⊂ Fe 4 L 6 ] (1) which crystallizes in the space group I 4 3d with 16 molecules in each unit cell (CCDC-100947). 19 The second published structure was the enantiopure Δ,Δ,Δ,Δ-(
which crystallizes in the space group I23 with 2 molecules in the unit cell (CCDC-145431). 22 One challenge in crystallizing these highly-charged, highly symmetric molecules is the need to efficiently pack of unencapsulated counter ions in the crystal lattice. Depending on the charge of the metal vertices, the M 4 L 6 assembly either has a 12-or 8-overall charge, which, when one monocationic guest is encapsulated, leaves either 11 or 7 countercations respectively; these are difficult to efficiently pack in a high symmetry environment.
Analysis of 3.
Comparison of the structure of (NEt 4 ) 7 (Bottom) Unit cell diagram for 5 looking down the b axis.
Analysis of 4.
Crystallographic analysis of the host-guest complex containing both encapsulated and exterior + cations have been color coded based on how they interact with the assembly: π-π interactions (purple), cation-π interaction (orange).
Analysis of 5
The structure of (NMe 2 H 2 ) 5. + is shown as a sphere (orange) and different components of the unit cell have been color coded: assembly (gray), exterior guest (green).
Analysis of 6
Inspired by the crystallographic features of 5, the more sterically demanding Cp 
Structural Comparison
The four molecular structures described above (3-6) as well as the two previously published crystal structures (1-2) were compared in order to examine how the assembly is able to accommodate differently sized guests and the structural effect of replacing the trivalent metal vertices with tetravalent Ti IV ions. The assembly metrical parameters from the six M 4 L 6 structures are compared in Tables 2 and   3 . The root mean square distances (rmsd) between each of the atoms of the assembly were calculated in order to compare the similarities between them in these structures. 33 As expected, the three NEt 4 + structure are the most similar, with rmsd values ranging from 0.406 -0.478 Å. In each case the differences in the twist of the naphthalene rings accounted for the majority of the distance between structures being compared. In a further comparison of the six structures, the average metal-metal distances were compared; they show little deviation. In the structure of 3, the Ti-Ti distances average 12.75 Å, similar to the 12.78 Å Fe-Fe and the 12.66 Å Ga-Ga distances in 1 and 2 respectively. The small differences are likely due to the difference in the overall charge of the assembly molecules and variations in packing of each structure.
The shortest M-M distance is 12.60 Å for 6. This shorter M-M distance allows the naphthalene ligands to bow outward slightly to help accommodate the sterically demanding Cp To further analyze the cavities of the host-guest complexes, the void spaces were modeled using the computer program Voidoo 37-39 which maps out the interior of the cavity using a 1.4 Å radius rolling probe. This method uses the van der Waals radii of atoms to generate a solvent-accessible surface corresponding to the cavity of the host molecule. From the analysis of the void spaces, a number of observations can be made. First, the metal vertices are inaccessible to the guest molecules, suggesting that the chirality at the metal centers cannot be directly transmitted to the encapsulated guests. This observation is also consistent with previous solution 2D 1 H NOESY spectroscopy, which shows strong through-space interactions between the guest and the naphthalene rather than catechol hydrogens. 25, 40 Secondly, the shape of the void cavity varies greatly with guest, with the shape being primarily defined by the naphthalene rings rather than the catechol moieties. The twist angle between opposing naphthalene walls has a large influence on the shape of the cavity surface. Also, the largest guest, Cp * 2 Co + , greatly deforms the shape of the interior cavity, so that it resembles a cube. These observations help to explain the diastereoselectivities observed in 1. If the guest is too small, the steric interactions with the assembly are too small to efficiently transfer the chirality of the assembly to the encapsulated guest. Conversely, if the guest is too large, distortion of the interior cavity to a pseudocubic void greatly diminishes the chiral induction generated by the angle between opposing naphthalene 18 walls of the assembly ligands. The solvent accessible shapes are shown in Figure 10 (videos of the void spaces are available in the online content associated with this article). The packing coefficients of the structures 1 and 2 of 0.53 and 0.55 respectively show the optimal packing of the encapsulated NEt 4 + cation (Table 4 ). For the other NEt 4 + containing structure, 3, the volume of the interior cavity of the assembly is larger than in either 1 or 2, which leads to a lower packing coefficient. It is likely that these differences arise from crystal packing forces, since 
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In summary, we have used X-ray crystallographic analysis to probe host-guest interactions between the highly-charged, self-assembled M 4 L 6 supramolecular cluster. Depending on the encapsulated guest, we see that intermolecular forces such as π-π, cation-π, and σ-π interactions influence the binding and orientation of the encapsulated guests. Cation-π interactions appear to be localized near the electron-rich catechol rings of the assembly and π-π interactions are localized near the naphthalene walls. Changing the metal and its charge at the vertex does not have a significant effect on the geometry or shape of the host assembly. In contrast, the interior cavity of the assembly is able to distort to accommodate a wide variety of guest molecules with the shape of the internal cavity being primarily defined by the naphthalene walls of the assembly. The volume of the internal solventaccessible cavity of the assembly ranges between 253 and 434 Å 3 , depending on the encapsulated guest.
4. Experimental Section.
General
General Procedures. All NMR spectra were obtained using Bruker DRX-500 or AV-500 MHz were degassed by sparging with N 2 for fifteen minutes. Mass spectrometry data were acquired using a Waters QTOF API mass spectrometer equipped with a Z-spray source. Molecular graphics were constructed in ORTEP-3 46 and Chimera 39, 47 and rendered in POV-Ray. 
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Crystallographic Data
The diffraction data for structures 4 and 5 were collected on a Siemens SMART CCD 48 area detector with graphite monochromated Mo-K α radiation. The data for the structures 3 and 6 were collected at the Advanced Light Source (ALS beamline 11.3.1) (Lawrence Berkeley National Laboratory, Berkeley, USA) using monochromated synchrotron radiation (λ = 0.77490 Å). Data were integrated by the program SAINT 49 and corrected for Lorentz and polarization effects. Data were analyzed for agreement and possible absorption using XPREP. 50 An empirical absorption correction 23 based on the comparison of redundant and equivalent reflections was applied using SADABS. 51 Equivalent reflections were merged and no decay correction was applied. Structures 3, 5, and 6 were solved by direct methods (SIR92) 52 and structure 4 was solved using Patterson methods (PATSEE) 53 in
WinGX. 54 The structures were refined using Fourier techniques using SHELXL-97. 55 values were set at 1.2 times U eq (C) for all H atoms. For structures 3 and 6, the electron density of the pockets of disordered solvent were calculated in Platon by the method of Spek. 56 In all cases, the electron density was sufficient to account for any counter ions which were not explicitly located. A discussion of the data refinement and disorder modeling for each structure is included in the Supporting
Information.
